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ABSTRACT
With the discovery of ever smaller and colder exoplanets, terrestrial worlds with hazy atmospheres
must be increasingly considered. Our Solar System’s Titan is a prototypical hazy planet, whose
atmosphere may be representative of a large number of planets in our Galaxy. As a step towards
characterizing such worlds, we present simulations of exoplanets that resemble Titan, but orbit three
different stellar hosts: G-, K-, and M-dwarf stars. We use general circulation and photochemistry
models to explore the circulation and chemistry of these Titan-like planets under varying stellar
spectra, in all cases assuming a Titan-like insolation. Due to the strong absorption of visible light by
atmospheric haze, the redder radiation accompanying later stellar types produces more isothermal
stratospheres, stronger meridional temperature gradients at mbar pressures, and deeper and stronger
zonal winds. In all cases, the planets’ atmospheres are strongly superrotating, but meridional circu-
lation cells are weaker aloft under redder starlight. The photochemistry of hydrocarbon and nitrile
species varies with stellar spectra, with variations in the FUV/NUV flux ratio playing an important
role. Our results tentatively suggest that column haze production rates could be similar under all
three hosts, implying that planets around many different stars could have similar characteristics to
Titan’s atmosphere. Lastly, we present theoretical emission spectra. Overall, our study indicates
that, despite important and subtle differences, the circulation and chemistry of Titan-like exoplanets
are relatively insensitive to differences in host star. These findings may be further probed with future
space-based facilities, like WFIRST, LUVOIR, HabEx, and OST.
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1. INTRODUCTION
Over the past two decades, thousands of plan-
ets have been discovered around stars other
than the Sun. Current exoplanet discoveries
are increasingly moving toward smaller planets,
and results from the NASA Kepler Space Tele-
scope indicate that small planets (. 2 R⊕) are
the most common in our Galaxy (Fressin et al.
2013). The discoveries of planets GJ 1132b
(Berta-Thompson et al. 2015), LHS 1140b
(Dittmann et al. 2017), and the TRAPPIST-1
system (Gillon et al. 2017) show that the char-
acterization of small, rocky exoplanets is within
reach, particularly around low-mass stars. The
NASA Transiting Exoplanet Survey Satellite
(TESS, slated to launch in spring 2018) will
identify small exoplanets orbiting bright stars
with a range of stellar types. Many of these tar-
gets will be favorable for follow-up characteriza-
tion from the ground with future ELTs, as well
as from space-based observatories like the Wide
Field Infrared Survey Telescope (WFIRST,
slated to launch in the mid-2020s) and poten-
tial future large astrophysics mission facilities
like the Large UV/Optical/Infrared Surveyor
(LUVOIR; Crooke et al. 2016), the Habitable
Exoplanet Imaging Mission (HabEx; Mennesson
et al. 2016), and the Origins Space Telescope
(OST; Meixner et al. 2016). WFIRST, HabEx
and LUVOIR would directly image planets in
reflected light over UV–optical wavelengths,
while OST would probe the thermal emission of
transiting exoplanets in the near- to far-infrared
(IR).
As small exoplanets continue to be discov-
ered and characterized, we must rely on Solar
System planets as analogues for understanding
the characteristics of their atmospheres. Pre-
vious studies, for example, have explored vari-
ous aspects of the atmospheres and climates of
putative terrestrial exoplanets—including their
habitability, surface climate, and atmospheric
circulation—with an emphasis on Earth-like
conditions (Kaspi & Showman 2015; Koppa-
rapu et al. 2013; Merlis & Shneider 2010; Shields
et al. 2013, 2016). Kaspi & Showman (2015)
provide a comprehensive look at the atmo-
spheric dynamics and climates of idealized ter-
restrial exoplanets (i.e., spherical aquaplanets
with relatively thin atmospheres) over a wide
range of physical and orbital parameters (plan-
etary rotation rate, incident stellar flux, atmo-
spheric mass, surface gravity, atmospheric op-
tical thickness, and planetary radius), using an
idealized general circulation model (GCM) with
an Earth-like annual-mean climate as reference.
These results show that all of these parameters
have considerable effects on the resulting latitu-
dinal temperature differences, latitudinal heat
transport, mean circulation, and hydrologic cy-
cle of those atmospheres.
While many investigations have based their
simulations on Earth-like conditions, few inves-
tigations (e.g., Morley et al. 2015) have explored
the range of possible conditions in exoplanet at-
mospheres with complex photochemical hazes
and at different equilibrium temperatures, such
as those encountered on Titan. In the Solar
System, Titan’s effective orbit around the Sun
has a semi-major axis of about 9.5 AU, giv-
ing Titan an effective temperature of ∼80 K.
Around lower mass (i.e., M dwarf) stars, the
same effective temperature would be reached at
considerably smaller semi-major axes (∼1 AU).
While Earth-like exoplanets would remain in
the liquid-water habitable zone of M dwarf stars
at orbits of 0.02–0.2 AU (Tarter et al. 2007),
where issues of tidal locking and a heightened
influence of stellar activity could pose prob-
lems for atmospheric stability and habitabil-
ity (Khodachenko et al. 2007), exoplanets re-
ceiving Titan-like insolations around M dwarfs
would be less affected by these obstacles. Given
the relative abundance of M to G stars in
the Galaxy, Titan may therefore represent a
more prototypical world with a stable hydro-
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logic cycle than Earth (Lunine 2010). Titan-like
exoplanets—cool terrestrial worlds with dense,
hazy, and chemically complex atmospheres—
would also be interesting subjects for studies
of habitability, as Titan has been suggested to
be an important target for astrobiology (Ho¨rst
et al. 2012; Lunine 2009, 2010; Rahm et al.
2016).
Previous studies have applied one-dimensional
radiative transfer models to explore Titan under
different conditions. Lorenz et al. (1997a) used
a 1D model to calculate the surface tempera-
ture of Titan as a function of stellar insolation,
as a proxy for the Sun’s evolution. They found
that during the red giant phase, solar UV flux
is low enough for haze production to decrease,
such that more sunlight could reach Titan’s sur-
face, potentially allowing life to form. Gilliam
& McKay (2011) used a similar 1D model to cal-
culate the distance at which a putative planet
would maintain a Titan-like surface tempera-
ture when orbiting two different types of M
dwarf stars, varying the atmospheric haze pro-
duction over four orders of magnitude.
More recently, the studies of Robinson et al.
(2014) and Checlair et al. (2016) illustrated the
potential for future observational characteriza-
tion of Titan-like exoplanets. Robinson et al.
(2014) used Cassini/VIMS occultation obser-
vations to understand what Titan would look
like in transit (i.e, passing in front of the Sun
along the line of sight of some faraway observer).
They found that the continuum level and slope
of the transit spectrum are largely set by Ti-
tan’s haze. Checlair et al. (2016) calculated ge-
ometric albedo and effective transit spectra as
a function of haze production rate, and found
that haze production leaves a clear signature
in the slopes of albedo spectra, particularly be-
tween the UV and visible wavelengths, which
are more sensitive to the production rate than
transit spectra. Spectra therefore represent a
useful tool for future characterization of cool,
hazy terrestrial exoplanets. But these spectra
are also dependent on the structure, composi-
tion, and dynamics of these atmospheres; in the
thermal infrared, for instance, observable spec-
tra are strongly dependent on the atmospheric
temperature structure.
In this paper, we explore the circulation, pho-
tochemistry, and resulting observable emission
spectra of the atmospheres of Titan-like exo-
planets around different stellar types. To this
end, we adapt and apply an existing Titan
GCM and photochemical model to explore the
thermal, dynamical, and chemical structure of
Titan-like exoplanets as a function of their host
stellar type. In Section 2, we present the models
we use for our simulations, TAM and KINET-
ICS. In Section 3, we describe the results from
both sets of models. We present a discussion of
our results and conclude in Section 4.
2. METHODS
2.1. TAM
The GCM simulations presented here are run
with the Titan Atmospheric Model (TAM), a
climate model with physics parameterizations
for planetary applications that has been vali-
dated with observations from the NASA-ESA
Cassini-Huygens mission (Lora et al. 2015).
Briefly, TAM employs the Geophysical Fluid
Dynamics Laboratory’s (GFDL) spectral dy-
namical core (Gordon & Stern 1982) to solve
the primitive equations in vorticity-divergence
form, and includes parameterizations for ra-
diative transfer, surface, and boundary layer
processes. In our simulations, TAM is run in
its L50 configuration (50 unevenly-spaced ver-
tical layers extending from the surface around
1500 mbar to the lower mesosphere at about
3 µbar), and at T21 horizontal resolution (ap-
proximately 5.6◦ resolution) which minimizes
computational costs but is sufficient to attain
superrotation (Lora et al. 2015).
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The radiative transfer is computed using fully
nongray, multiple-scattering two-stream ap-
proximations (Toon et al. 1989). Opacities due
to molecular absorbers are treated using cor-
related k coefficients computed from HITRAN
line intensities (Rothman et al. 2009), and in-
clude the effects of methane, acetylene, ethy-
lene, ethane, and hydrogen cyanide. Opacity
due to collisionally-induced absorption from
methane, molecular nitrogen, and molecular
hydrogren pairs is considered (Richard et al.
2011). Extinction due to Titan’s characteristic
haze is treated with the model of Tomasko et al.
(2008), and Rayleigh scattering is also included.
TAM has been used to study the methane-
based hydrologic cycle in Titan’s troposphere
(Lora et al. 2014; Lora & Mitchell 2015; Lora
& A´da´mkovics 2017), but in this work we ig-
nore moist thermodynamics and the influence of
regionally-varying surface liquids. We assume
in all cases that methane is resupplied to the
atmosphere to prevent its eventual loss through
escape (see Section 3.2.1), such that the middle
troposphere is always close to saturation, as on
Titan. Atmospheric methane is considered for
the purposes of radiative transfer, with profiles
determined as described below. The model does
not include the effects of condensation clouds,
which are infrequent and confined to the lower
atmosphere.
2.2. KINETICS
We investigate the photochemistry of Titan-
like exoplanets using the Caltech/JPL 1–D pho-
tochemical and transport model KINETICS
(Allen et al. 1981). KINETICS solves the 1–D
continuity equation for each chemical species,
taking into account chemical production and
loss rates, and transport in a 1–D column due
to molecular and eddy diffusion. KINETICS
has been used to model Titan photochemistry
since its inception (Yung et al. 1984), and more
recently it has been validated using Cassini ob-
servations (Li et al. 2014, 2015) that constrained
Titan’s atmospheric eddy diffusivity and the
chemical pathways controlling the abundances
of C2 and C3 hydrocarbons.
The present Titan KINETICS model stems
from Li et al. (2015), which includes 379 re-
actions and 65 chemical species incorporating
both hydrocarbon and nitrile chemistry up to
C6 species and C4N2. The altitude range of the
model extends from 45 to 1447 km, bypassing
condensation processes in the troposphere be-
low 45 km while capturing the photolytically
active region in the upper atmosphere. We use
the eddy diffusion coefficient of Li et al. (2014)
for all cases and iterations (see below). We
maintain a zero-flux upper boundary condition
except for H and H2, which are allowed to es-
cape to space assuming escape is diffusion lim-
ited. The lower boundary is assumed to pos-
sess a constant concentration gradient for al-
most all species allowing for free exchange with
the atmosphere below. Exceptions to this in-
clude methane, which has a fixed mixing ratio
of 1.4%, and H and H2, which have zero flux
boundary conditions.
2.3. Model Setup
In order to analyze the effects of circulation
and chemistry on Titan-like exoplanets orbiting
different stellar types, we first run TAM sim-
ulations under the influence of insolation from
three spectrally different stars: a G dwarf (the
Sun, G2V, which acts as our control case), a
typical K dwarf (HD85512, K6V), and a typical
M-dwarf (GJ436, M3.5V). The K and M dwarf
spectra are from Loyd et al. (2016).
In each case, we assume the planet is in
a perfectly circular orbit with zero obliquity,
such that average top-of-atmosphere insolation
is constant and symmetric about the equa-
tor. This produces a climate under perpetual
“equinox” conditions, in which seasonal varia-
tions do not occur. In order to isolate in partic-
ular the effects of the stellar spectra, we assume
a Titan-like incident stellar flux (15 W m−2)
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in all cases. Equivalently, this corresponds to
planets at 9.5, 3.75, and 1.55 AU from the G,
K, and M host stars, respectively.
For all cases, the planetary parameters—
planetary radius, planetary rotation, surface
gravity, background gas—are held constant at
values corresponding to Titan (Lora et al. 2015),
in order to limit the complexity of parameter
space so that we can unambiguously determine
the atmospheric sensitivity to stellar host forc-
ing conditions. Diurnal cycles are included in
the computation of insolation, but otherwise
all forcing is axisymmetric (and symmetric be-
tween northern and southern hemispheres). Di-
urnal cycles are not included in photochemical
calculations. Inhomogeneities in surface prop-
erties, including any topographic variations, are
also ignored for simplicity.
We perform an asynchronous coupling be-
tween dynamics and chemistry by first run-
ning TAM with default gaseous species pro-
files (Vinatier et al. 2007), then running KI-
NETICS with an updated temperature struc-
ture from the GCM and the appropriate stellar
spectrum to compute new species profiles, re-
running TAM with the new profiles, and iterat-
ing between the two models. The temperature
structure at altitudes above the model domain
of TAM is held fixed in KINETICS for all it-
erations. Dynamical effects on the horizontal
distribution of the minor species are ignored,
so the profiles represent global averages. Re-
sults from KINETICS are primarily dependent
on the stellar spectrum, and the radiative ef-
fects in TAM are relatively insensitive to small
changes in absorber profiles, so convergence be-
tween the two models is achieved quickly. In all
cases, TAM is run from rest (zero winds) for ap-
proximately 2,000 Earth years in total in order
to achieve a steady state circulation in which
the atmospheric angular momentum reaches a
long-term steady state.
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Figure 1. Stellar host spectra. (Top) UV to
near-IR stellar spectra for a G dwarf (the Sun;
blue curve), a K dwarf (HD85512; orange curve),
and an M dwarf (GJ436; red curve), normalized to
their maximum fluxes. (Bottom) The same stellar
spectra, formatted to highlight differences at short
wavelengths, and showing the fluxes at the various
planets’ distances (see text).
Comparing the stellar spectra in Figure 1, the
peak in stellar radiation moves to longer wave-
lengths between K and G, and M and K stars.
This wavelength dependence affects both the re-
sultant circulation, through its impacts on the
location of absorption of insolation, and chem-
istry. At UV wavelengths, the FUV/NUV ra-
tio of the M dwarf is greater than that of the
K dwarf, which is in turn greater than that of
the G dwarf (France et al. 2016), indicative of
high stellar activity for the cooler stars. In par-
ticular, the Lyman-α flux at the location of the
Titan-like exoplanet is comparable between that
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of the K and M dwarfs, both of which are an
order of magnitude greater than that of the G
dwarf. These variations can have a large im-
pact on photochemistry due to the wavelength
dependence of photolysis cross sections. For
example, while methane is photolyzed mostly
in the FUV, higher order hydrocarbons can be
photolyzed by both FUV and NUV photons
(He´brard et al. 2013; Lavvas et al. 2008a; Wilson
& Atreya 2004), setting up autocatalytic path-
ways that lead to higher rates of methane loss
(Yung et al. 1984). Disruption of this chemical
scheme due to variations in the FUV/NUV ra-
tio could lead to significant differences in abun-
dances.
The haze distribution is held constant be-
tween all TAM simulations, since haze produc-
tion rates and their dependence on stellar type
are as yet highly uncertain (Gilliam & McKay
2011; Checlair et al. 2016), and our focus here
is on the resulting profiles of low-order hydro-
carbons, as well as the global circulation.
3. RESULTS
3.1. Circulation and Temperature Structure
A principal characteristic of Titan’s atmo-
spheric circulation is the presence of strong su-
perrotation, where the atmosphere has more an-
gular momentum than the solid body at the
equator (Mitchell & Vallis 2010); TAM has suc-
cessfully reproduced this superrotation (Lora
et al. 2015) in comparison to observations of Ti-
tan (Achterberg et al. 2008). Fig. 2 shows the
zonally averaged zonal wind in each of our sim-
ulations, demonstrating that the atmospheric
superrotation is a robust feature regardless of
the host stellar spectrum. Interestingly, peak
zonal winds—which presumably occur over the
equator as a consequence of angular momentum
convergence by waves (Newman et al. 2011)—
are weakest for the case of a solar-type stellar
host, and increase in strength with redder host
stellar spectra. Though the peak winds occur
at the same pressure levels (approximately 10
µbar in all three cases), strong winds extend to
deeper levels for the K and M host stars. This
is particularly true for the mid-latitude jets.
The zonally averaged meridional circulation
for the three simulations is also shown in Fig. 2
(black contours). In all cases, single circula-
tion cells dominate each hemisphere, as is the
case for Titan at equinox (Lebonnois et al. 2012;
Lora et al. 2015; Newman et al. 2011), as a re-
sult of the slow planetary rotation (see Kaspi
& Showman 2015). At pressures above approx-
imately 1 mbar, these circulation cells are ther-
mally direct. Poleward transport of angular mo-
mentum occurs in the upper branches of these
cells, which prevail at increasingly deep levels
for G, K, and M host stars. Thus, the depth
of the meridional circulation is related to the
depth of the mid-latitude jets, impacting higher
pressures for redder host star spectra.
Shallow, thermally indirect meridional circu-
lation cells also occur in the polar lower tropo-
spheres of all simulations, extending from the
pole to roughly 60◦ latitudes. These cells appear
as the result of time averaging of regions where
shallow baroclinic eddies are present (Lebonnois
et al. 2012; Lora & Mitchell 2015), as in Earth’s
mid-latitudes. The exact extent of these cells
varies and depends on the averaging interval,
but we find no dependence of these features on
the spectrum of the host star.
Zonally-averaged temperatures for the three
TAM simulations are shown in Fig. 3. The at-
mospheric structure is similar in all cases, with a
defined troposphere and stratosphere, as well as
the lowermost section of a mesosphere, in gen-
eral agreement with simulations of Titan (Lora
et al. 2015). At polar latitudes, the regions
around 100 mbar sustain the coldest temper-
atures, which are approximately 10 K colder
than at lower latitudes. Directly above these re-
gions, roughly at 0.1 to 0.01 mbar, polar strato-
spheric temperatures are the warmest in the at-
Atmospheric modeling of exo-Titans 7
60 30 0 30 60
Latitude
10 2
100
102P
re
ss
ur
e 
(m
ba
r)
Sun
60 30 0 30 60
Latitude
HD85512
60 30 0 30 60
Latitude
GJ436
0 50 100 150 200
Zonal wind (m s 1)
Figure 2. Atmospheric circulations. Zonal-mean zonal winds (colors) and meridional overturning mass
streamfunctions (black contours) for planets around G (left), K (middle), and M (right) stars. Contours
show the 0, 5×107, and 5×108 kg s−1 streamlines, with dashed curves indicating counter-clockwise motion.
mosphere at about 200 K. These warm regions
are comparable to those observed in Titan’s
winter hemisphere (Achterberg et al. 2008), and
form as the result of adiabatic heating of de-
scending air driven by the meridional circula-
tion (Lora et al. 2015). In these simulations,
the high degree of symmetry between the hemi-
spheres is due to the absence of seasonality and
the resulting continuous double-celled structure
of the circulation.
Temperature differences between the simula-
tions occur at all pressure levels of the atmo-
sphere (Fig. 4). An immediately apparent dif-
ference is that the stratospheres are relatively
colder for simulations under redder starlight,
while their respective tropospheres are rela-
tively warmer than the case forced with solar
radiation. These differences result from the
wavelength-dependent absorption by haze in the
atmosphere, which is strongest at short wave-
lengths and decreases toward near-IR wave-
lengths, therefore allowing more radiation from
the lower-mass stars to penetrate to deeper lev-
els (Checlair et al. 2016; Lorenz et al. 1997a). In
this regard, the dependence of the atmospheric
thermal structure on host type is itself strongly
dependent on the presence of haze.
The simulated high-latitude (>60◦) cold and
hot regions vary in their relative magnitude with
the host star spectra. The warmest regions
occur in the stratosphere of the G host star
case. Additionally, the G host star produces
the strongest latitudinal temperature gradients
in the uppermost stratosphere (while the weak-
est gradients there happen when irradiated by
the M host star).
In the troposphere, the coldest regions also
occur in the atmosphere irradiated by the G
host star. But with this host star, the upper
troposphere and much of the stratosphere sus-
tain meridional temperature contrasts that are
weak, while the M host star causes the strongest
gradients. Thus, the deposition of stellar radi-
ation at deeper pressures in the case of K and
M stars results in vertical wind shear that is
strongest in these regions, in turn producing the
deeper and stronger mid-latitude jets.
A comparison of global average temperature
profiles (Fig. 5) further illustrates the pro-
gression from warm to cold stratospheres and
8 Lora et al.
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Figure 3. Atmospheric temperatures. Zonal-mean temperatures for planets around G (left), K (middle),
and M (right) stars.
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Figure 4. Atmospheric temperature differences. Differences in zonal-mean temperatures between planets
around K and G stars (left), and M and G (right) stars.
cold to warm tropospheres between simulations
forced by G, K, and M stellar spectra. The lat-
ter two simulations additionally produce strato-
spheres that are considerably more isothermal
than that forced by the hottest star. Further-
more, these profiles show that the average pres-
sure level of the stratopause is the same be-
tween simulations, but the largest temperature
gradients in the lower stratospheres for planets
orbiting the redder host stars occur at deeper
pressures than the solar case. Similarly, the
minimum temperatures in the cases forced by
redder stars occur at higher pressures. The tem-
peratures of the lower troposphere and surface
in all three cases are approximately the same,
suggesting that differences in the partitioning
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Figure 5. Atmospheric temperature profiles.
Left: Global-mean temperature profiles for plan-
ets around G (blue curve), K (orange curve), and
M (red curve) stars. Right: Difference in global-
mean temperatures between planets around K and
G stars (orange curve), and M and G (red curve)
stars.
of energy absorption between the three cases
occur primarily in the atmosphere.
3.2. Photochemistry
The mixing ratio profiles of the major hydro-
carbon species and HCN are altered in different
ways by the different stellar spectra (Fig. 6).
While acetylene and HCN are changed by only
a factor of a few, order of magnitude changes are
seen for methane, ethylene, and ethane. This is
a direct result of the different chemical path-
ways that lead to their production and destruc-
tion, and how they are affected by variations in
the FUV/NUV ratio.
3.2.1. Methane (CH4)
For all three stellar types the production rate
of methane is dwarfed by the loss rate (Fig. 7),
leading to net methane loss from the atmo-
sphere through hydrogen escape. For the K
and M dwarf cases methane is depleted above
10−4 mbar as compared to the G dwarf case,
which results from photolysis by the 10 times
higher Lyman-α flux around the cooler stars.
The increased photolysis leads to higher produc-
tion rates of reactive species such as CH, CH2,
and CH3, which contribute to C2 hydrocarbon
production and loss. Conversely, methane loss
due to reaction with C2H at 1 mbar, a ma-
jor part of the methane autocatalytic scheme
for the G dwarf case, is unimportant for the
K and M dwarf cases. This arises due to re-
duced C2H production below 10
−4 mbar from
acetylene photolysis, the rate of which is low-
ered for cooler stars due to their lower NUV
fluxes (Huebner et al. 1992; Wilson & Atreya
2004).
3.2.2. Acetylene (C2H2)
Acetylene mixing ratios are not greatly af-
fected by changing stellar types. For the G
dwarf case acetylene is mostly produced at 1
mbar from the reaction
C2H + CH4 −→ C2H2 + CH3 [R1]
and lost at the same pressure level from the re-
lated photolysis reaction
C2H2 + hν −→ C2H + H [R2]
These two reactions lead to the autocatalytic
destruction of methane. However, as previously
mentioned, this reaction is not relevant for the
K and M dwarf cases. Instead, for these stel-
lar hosts acetylene is produced primarily above
10−4 mbar through
H + C2H3 −→ C2H2 + H2 [R3]
CH3 + C3H2 −→ C2H2 + C2H3 [R4]
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Figure 6. Trace gas profiles. Profiles of hydrocarbons and HCN in the atmospheres of planets around G
(blue curves), K (orange curves), and M (red curves) stars. Lightly shaded regions show pressure ranges
captured in the GCM.
and lost through
CH + C2H2 −→ C3H2 + H [R5]
where both CH and CH3 are produced from
methane photolysis by Lyman-α. Reaction [R5]
is also an important loss mechanism for acety-
lene above 10−4 mbar in the G dwarf case, but
its rate is an order of magnitude lower and it
is dwarfed by [R2]. Thus, while the acetylene
abundance is maintained through C2H cycling
in the G dwarf case, similar acetylene abun-
dances are maintained through C2H3 and C3H2
cycling in the K and M dwarf cases stemming
from the increased production of CH and CH3
from higher Lyman-α fluxes.
3.2.3. Ethylene (C2H4)
Ethylene abundances are two orders of magni-
tudes higher for the K and M dwarf cases than
for the G dwarf case. For all three cases the
ethylene production is dominated by
CH + CH4 −→ C2H4 + H [R6]
where the higher production of CH in the K and
M dwarf cases afforded by their higher Lyman-α
fluxes lead to higher production rates of ethy-
lene. In the G dwarf case, ethylene is primarily
lost due to photolysis, forming acetylene and 2
H atoms, while for the K and M dwarf cases
CN + C2H4 −→ C2H3CN + H [R7]
also plays a major role. However, while the pho-
tolysis rate of ethylene in the K and M dwarf
cases are higher than that in the G dwarf case,
this is due to higher ethylene abundances rather
than higher rate coefficients. Indeed, the rate
coefficient of ethylene is higher in the NUV
(Huebner et al. 1992), where K and M dwarfs
lack photons, than much of the FUV. Therefore,
the increased production of ethylene in the K
and M dwarf cases caused by increased CH pro-
duction from methane photolysis, coupled with
the decrease in its photolysis rate coefficient,
leads to a large increase in ethylene abundance
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Figure 7. Trace gas production/loss rates. Production (top) and loss (bottom) rate profiles of photochem-
ical trace gases for planets around G (blue curves), K (orange curves), and M (red curves) stars.
in the cooler star cases compared to the G dwarf
case.
3.2.4. Ethane (C2H6)
The ethane abundance is different across all
three stellar types, though with similar profile
shapes in the K and M dwarf cases. For all three
cases ethane is produced by
2CH3 + M −→ C2H6 + M [R8]
However, the production rate profile is different
between the G dwarf case and the cooler star
cases. In the former, the production peaks at
1 mbar, and it is caused by high rates of CH3
production from [R1], which again plays a much
more minor role in the K and M dwarf cases
due to low NUV fluxes. Meanwhile, the produc-
tion rate peak above 10−4 mbar in the K and M
dwarf cases are due to increased production of
CH3 from methane photolysis. The difference in
ethane production rate (and thus ethane abun-
dances) between the K and M dwarf cases is due
to higher fluxes of photons with wavelengths be-
tween 50 and 100 nm from the K dwarf, which
causes higher rates of nitrogen atom production
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from N2 photolysis. The excess N then leads to
higher rates of CH3 loss via
N + CH3 −→ HCN + H2 [R9]
and results in fewer CH3 to participate in ethane
formation.
Ethane is destroyed in the G dwarf case by
C2H + C2H6 −→ C2H2 + C2H5 [R10]
C3N + C2H6 −→ HC3N + C2H5 [R11]
at 1 mbar. Both of these reactions are slowed in
the cooler star cases due to reduced NUV. In-
stead, in those cases ethane is destroyed mainly
above 10−4 mbar by
CH + C2H6 −→ C3H6 + H [R12]
CN + C2H6 −→ HCN + C2H5 [R13]
with CH and CN arising from increased methane
and HCN photolysis due to Lyman-α, respec-
tively.
3.2.5. Hydrogen Cyanide (HCN)
In all three stellar cases HCN is produced
mostly above 10−4 mbar through [R9] and de-
stroyed by photolysis to form H and CN by
mainly Lyman-α. The small peak in the HCN
loss rate at 1 mbar in the G dwarf case is due
to slightly higher HCN photolysis rates there
caused by the higher NUV flux. The similar-
ity of the HCN abundances between the three
different stellar cases is due to both HCN for-
mation and loss being tied to the Lyman-α flux.
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Figure 8. Production rate profiles of photochem-
ical haze. Profiles for planets around G (blue
curves), K (orange curves), and M (red curves)
stars, assuming the haze production mechanism
outlined in Lavvas et al. (2008a).
In other words, as CH3 is the limiting factor in
[R9] and is formed from Lyman-α photolysis of
methane, increasing Lyman-α results in higher
HCN formation rates, but also higher HCN
photolysis rates. HCN abundances are slightly
higher for the K dwarf case due to higher N
abundances from increased flux of photons with
wavelength <100 nm.
3.2.6. Haze
Lavvas et al. (2008a,b) parameterized the haze
formation rate in Titan’s atmosphere as the
combined rates of reactions where one of the
products is a hydrocarbon with ten or more car-
bon atoms. Higher order nitrile species are also
included, but they form a small fraction of the
total haze formation rate and so will be ignored
here.
Using this proxy, we compare the estimated
haze formation rate profiles between the three
stellar cases in Fig. 8, where we have converted
the reaction rates in units of g cm−3 s−1 to a
mass production rate of C10H22. The K and
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M dwarf profiles are very similar and are lo-
cated at a slightly higher part of the atmosphere
(about an order of magnitude lower in pressure).
In contrast, the G dwarf profile sits lower in
the atmosphere and features a large peak at 1
mbar, which is consistent with the maxima in C2
hydrocarbon production/loss due to reactions
powered by NUV fluxes (Fig. 7). This suggests
that the NUV/FUV ratio of the host star affects
the location and mass loading of the haze. How-
ever, while the column integrated haze produc-
tion rate for the G dwarf is 0.8× 10−14 g cm−3
s−1, consistent with the haze formation rate es-
timated by McKay et al. (2001) of 0.5−2×10−14
g cm−3 s−1, the same quantity for the K and M
dwarfs are only slightly lower, at 0.3 × 10−14 g
cm−3 s−1. Given the unknowns in the haze for-
mation pathway, it is difficult to conclude that
the haze formation rate is significantly different
between the three stellar cases. Therefore, our
prior assumption of similar haze distributions
across the three stellar types may be valid.
3.3. Atmospheric Spectra
Using the results from our TAM and KINET-
ICS simulations, we produce globally-averaged
planetary emission spectra for each of our three
cases. These are shown in Fig. 9 as a function of
wavenumber. In the case forced by solar radia-
tion, we note good agreement with the thermal
flux spectra of Titan’s atmosphere derived using
the Cassini Composite Infrared Spectrometer
(CIRS) (Tomasko et al. 2008), despite the rela-
tively coarse resolution of our radiative transfer.
All of our results show prominent spectral fea-
tures due to the trace absorbers. The features
due to HCN and C2H2 occur with similar mag-
nitudes in all three cases, whereas methane is
apparent in all cases but with a more promi-
nent feature in the case of the G dwarf host
star. This difference results from the differ-
ences in temperature profiles of the three at-
mospheres (Fig. 5), since abundance profiles for
methane in the pressure range captured by the
GCM are virtually indistinguishable (Fig. 6).
On the other hand, the ethane feature is obvious
in the Solar case but difficult to make out and
essentially nonexistent in the M and K dwarf
cases, respectively. These latter simulations in
turn feature a prominent C2H4 peak that is
not present in the G dwarf case. These spec-
tral differences result directly from the abun-
dance differences produced by the photochem-
istry (Fig. 6).
At the longwave end of the spectra, differ-
ences in total flux are also apparent between
the simulations. The considerable emission be-
tween 10 and 600 cm−1, which is due to molec-
ular pairs (CIA), is higher for the planet irradi-
ated by the M dwarf, with the K and G dwarf
host star cases producing progressively lower
fluxes. A similar overall trend occurs at short
(near-IR) wavelengths, where methane absorp-
tion bands become increasingly prominent (not
shown). These spectral signatures, in conjunc-
tion, thus illustrate various important features
that could be used to diagnose Titan-like exo-
planetary atmospheres around various stars.
We do not include geometric albedo spectra at
short wavelengths in this study, because these
would be almost entirely shaped by the pres-
ence of haze and therefore identical between
the three cases, since we do not vary the haze
structure. However, in analyzing the effect of
enhanced haze production on Titan reflection
spectra, Checlair et al. (2016) previously found
that the slope from UV to visible wavelengths
transitioned from a negatively-sloped Rayleigh-
dominated regime, to a positively-sloped spec-
trum dominated by haze, with increasing haze
production rates. Given that our results ten-
tatively suggest similar haze production for all
three stellar host types, we would therefore ex-
pect that short wavelength spectra of such plan-
ets would closely resemble Titan’s.
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Figure 9. Global-mean thermal emission spectra.
Spectra of planets around G (blue curve), K (or-
ange curve), and M (red curve) stars, with spectral
features due to radiatively active species labeled.
4. DISCUSSION AND CONCLUSIONS
We have presented asynchronously coupled
simulations of the atmospheric circulation and
photochemistry of Titan-like exoplanets to test
their sensitivity to host stellar type. We ex-
plored the effects of three different host stellar
spectra on the temperature structure, dynam-
ics, and composition of the atmosphere of puta-
tive planets with otherwise identical insolation
distributions and planetary properties. Despite
the differences in the regions of absorption of
stellar light—and consequent subtle differences
in the temperature profiles, meridional circula-
tion depths, and zonal wind structures—arising
primarily from the interaction of haze with the
varying insolation spectra, our simulations pro-
duced generally similar atmospheric structures
in all cases. Differences in the chemical makeup
of trace species in these Titan-like atmospheres
are more complicated, but arise primarily from
the differences in Lyman-α flux coming from the
three different host stars. Acetylene and hydro-
gen cyanide profiles are very similar, while ethy-
lene, ethane, and methane profiles have notice-
able differences (in the latter case only at the
lowest pressures). Intriguingly, our results ten-
tatively suggest that haze formation—at least
in the column integral—is similar in all cases.
While our simulations explore the effects of
host stellar type, we have not investigated
the response to variations of other climate-
relevant parameters. For terrestrial planets,
the rotation rate, atmospheric mass, surface
gravity, and planetary radius all act to influ-
ence the atmospheric circulation and equator-
to-pole differences—and hence are important
factors in determining atmospheric dynamics,
chemistry, and habitability (Kaspi & Showman
2015). Variations of these parameters will also
affect the atmospheres of Titan-like exoplanets;
however, we have opted to focus exclusively on
host star type in order to robustly test the sen-
sitivity of the atmosphere to incoming stellar
radiation. The impact of these other param-
eters will be explored in a controlled way in
future work, in order to make further progress
in understanding the key physical mechanisms
shaping exoplanetary atmospheres and their
emergent spectra. In particular, we plan to
explore how the circulation and consequent ob-
servable properties of similar cool planets de-
pend on the planetary radius, as larger bodies
are closer to characterization with facilities such
as WFIRST, LUVOIR, HabEx and OST.
We have simulated the photochemistry in our
models using global-mean properties, and also
ignored potential seasonal effects that would
result if the planets’ orbital eccentricities and
obliquities were nonzero. On Titan, season-
ally changing regional insolation and circulation
patterns result in dramatic contrasts in the con-
centration of some species with latitude (Teanby
et al. 2013), and in local condensation clouds
that further contribute to the interaction of the
atmosphere with radiation (for example, Grif-
fith et al. 2006; Anderson et al. 2014). Such
complexities may be relevant for future work,
but we consider our simplifications appropriate
Atmospheric modeling of exo-Titans 15
for our first-order exploration of Titan-like exo-
planets.
The structure of Titan’s present atmosphere
depends on the presence of methane (and its
photochemical products), and in this work we
have considered only putative Titan-like ex-
oplanetary atmospheres with similar methane
content. Titan’s atmospheric methane, how-
ever, has a finite lifetime of tens of millions of
years (Yung et al. 1984), and there is evidence
that the current carbon inventory is only ap-
proximately half a billion years old (Mandt et al.
2012) whereas the nitrogen is essentially primor-
dial (Niemann et al. 2005). It is therefore pos-
sible that Titan-like nitrogen atmospheres can
exist for long periods largely devoid of methane,
punctuated by episodic replenishment (Tobie
et al. 2006, 2009). “Snowball” Titan states
would exhibit different atmospheric structure
(Lorenz et al. 1997b; Charnay et al. 2014), as
well as very different photochemistry (Wong
et al. 2015), potentially with different depen-
dences on host stellar spectra. Such hypotheti-
cal atmospheres, for which we have no observa-
tional constraints, are beyond the scope of the
present study.
One of the most important source of uncer-
tainty for our conclusions stems from our lack
of knowledge about haze formation in general.
The presence and structure of haze are critical
for the atmospheric thermal structure, thus im-
pacting the circulation. Our results suggest that
overall haze production rates might be similar
for a range of stellar spectra, implying that very
Titan-like exoplanets could exist around a wide
range of host stars. However, it should be noted
that we rely on a parameterization of haze pro-
duction using haze precursors to arrive at our
estimated production rates, and that the actual
chemical pathways leading to haze formation
are as yet poorly understood (see Ho¨rst 2017,
for a review). For example, both models (e.g.,
Lavvas et al. 2013) and observations (Coates
et al. 2007; Crary et al. 2009; Liang et al. 2007;
Wahlund et al. 2009; Waite et al. 2007) of Ti-
tan’s atmosphere indicate that ion chemistry
plays an important role in haze formation; our
photochemical model lacks ion chemistry, and
therefore our haze formation picture is incom-
plete. Laboratory experiments investigating
the chemical precursors, pathways, and energy
sources that lead to Titan-like hazes and their
resulting composition (Cable et al. 2012; Ho¨rst
& Tolbert 2013; Ho¨rst et al. 2017; Imanaka
& Smith 2010; Trainer et al. 2013; Sciamma-
O’Brien et al. 2014) are critical to improving
our understanding of the formation of exoplane-
tary hazes, including its dependence on external
factors like stellar forcing. Thus, the combina-
tion of such ongoing laboratory work and mod-
eling like ours—along with various observations,
including short wavelength studies that might
probe the existence of haze (Checlair et al.
2016)—is required to make further progress in
characterizing the diversity of hazy, cool, terres-
trial exoplanets.
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